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COMPOUNDS, SENSORS, METHODS, AND
SYSTEMS FOR DETECTING GAMMA
RADIATION

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 61/651,381, filed May 24, 2012, entitled
“Compounds, Sensors, Methods, and Systems for Detecting
Gamma-Ray Radiation” and which is incorporated herein by
reference.

GOVERNMENT INTEREST

This invention was made with government support under
2009-ST-108-LL.LR0O005 awarded by the U.S. Department of
Homeland Security. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

Monitoring of gamma radiation is important for many
applications, including nuclear power plants, medical radi-
ology, and homeland security. Gamma radiation is particu-
larly important to monitor and control because of its poten-
tial danger to the human body. There are two types of
radiation which differ in their interaction with common
chemical matter: ionizing and non-ionizing radiation. lon-
izing radiation is considered more harmful because of its
potential damage to DNA. Gamma radiation (also known as
gamma rays) is a typical ionizing radiation (high energy
photons, at a level of millions eV per photon), and research
shows that the repair process for low dose gamma radiation
exposure is much slower than for high dose exposure.
Furthermore, the penetration depth of gamma radiation is
much longer than o (*,;He) and B (electron, e) particles. This
means that it is more difficult to shield gamma radiation than
a (*,He) and B (e) particles.

Gamma radiation is widely used in medical radiological
therapy, the construction industry, and scientific research.
For example, the medical treatment of tumors by gamma
radiation (also referred to as “gamma knife”) requires pre-
cise adjustment or calibration of the equipment on a daily
basis to ensure that it emits the proper level, or dose, of
gamma radiation. The tolerance of gamma radiation inten-
sity levels in this type of application can be as low as 2%.

Scientists and engineers have developed several technolo-
gies to measure the dose of radiation, such as ion chambers,
scintillation detectors, and semiconductor detectors. The
detection mechanisms for ion chambers and semiconductor
detectors are similar and based on the monitoring of ion
pairs generated by the ionizing radiation. When the particles
(oo or B) or photons pass the sensor materials, charges
(electron/hole pairs) will be generated due to the interaction
of the particles with sensor materials. The collected current
is then used as a signal output. Typically, one particle will
generate ~30000 charged pairs and thus has a signal ampli-
fication effect. However, this mechanism suffers from low
sensitivity in gas-based detectors and/or thermal noise at
room temperature in semiconductor detectors. The scintil-
lation detectors are based on fluorescence of the sensory
material which is excited by radiation. But inorganic scin-
tillation materials are based on single crystal material, which
are costly to scale up. On the other hand, many previous
organic scintillators do not have the energy resolution
required for identification or quantification. Furthermore,
the photon detectors used to detect light from the scintillator
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can suffer from external interference. For example, photo-
multiplier tubes (PMT) are sensitive to external magnetic
fields, and silicon-based photodiodes are sensitive to the
incident radiation itself. As such, accuracy of such devices
can be unreliable.

Chemical sensors can provide advantages over the current
instrument-based sensor systems, including ease of use, low
cost, high adaptability for size miniaturization and combi-
nation or integration into current electronic instruments,
high flexibility or conformability to be fabricated into vari-
ous shapes or composite materials that are suited for differ-
ent applications of radiation detection (e.g., nuclear security
vs. radiology calibration in clinics), and unlimited options of
molecular design and engineering so as to improve sensi-
tivity. Although many types of chemical sensors have been
developed, such chemical systems can only detect gamma
radiation down a level of near 10 Gy, still several orders of
magnitude higher than the level required for practical use in
both nuclear security and medical areas. There is thus a
technical gap between the research and development of
chemical sensor systems and the real application of such
systems.

SUMMARY OF THE INVENTION

A sensor for detecting gamma radiation can include a
conjugated imidazole having the following structure:

where at least one of R1, R2, and R3 are conjugated organic
groups. The sensor can also include a radical generating
component capable of reacting with gamma radiation to
produce radicals, ions, or both. Additionally, the conjugated
imidazole can be capable of reacting with the radicals or ions
formed by the reaction of gamma radiation with the radical
generating component, to decrease a molar extinction coef-
ficient of the conjugated imidazole in the visible light region
or to quench fluorescence of the conjugated imidazole. A
radiation detection indicator can be operatively associated
with the conjugated imidazole to indicate the change in
molar extinction coefficient or fluorescence.

In another embodiment, a method for detecting gamma
radiation can include placing a conjugated imidazole of the
structure described above, with a radical generating com-
ponent, in an area having gamma radiation. The method can
further include identifying a color change associated with
the decrease of the molar extinction coefficient of the
conjugated imidazole or with the quench of the fluorescence
of the conjugated imidazole. The change can be detected
visually or with an electronic device such as a colorimeter or
fluorimeter. Thus, qualitative and/or quantitative detection
of gamma radiation can be provided.

In still another embodiment, a compound for detecting
gamma radiation can include a conjugated imidazole with
the structure described above.

There has thus been outlined, rather broadly, the more
important features of the invention so that the detailed
description thereof that follows may be better understood,
and so that the present contribution to the art may be better
appreciated. Other features of the present invention will
become clearer from the following detailed description of
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the invention, taken with the accompanying drawings and
claims, or may be learned by the practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Understanding that these drawings merely depict exem-
plary embodiments of the present invention and they are,
therefore, not to be considered limiting of its scope. It will
be readily appreciated that the components of the present
invention, as generally described and illustrated in the
figures herein, could be arranged, sized, and designed in a
wide variety of different configurations. Nonetheless, the
invention will be described and explained with additional
specificity and detail through the use of the accompanying
drawings in which:

FIG. 1A-1C are cross sectional views of sensors in
accordance with embodiments of the present invention;

FIG. 2 is a flowchart showing a method for detecting
gamma radiation in accordance with an embodiment of the
present invention;

FIG. 3 is the fluorescence spectra of BPI-BP chloroform
solution (5x10~® mol/L) upon exposure to gamma radiation
at various doses in accordance with an embodiment of the
present invention;

FIG. 4 is a bar graph of fluorescence quench efficiency of
BPI-BP (5x107% mol/L) in solution with various solvents in
accordance with an embodiment of the present invention;
and

FIG. 5 is the fluorescence spectra of BPI-BP dichlo-
romethane solution (5x10~° mol/L) with benzil added upon
exposure to gamma radiation at various doses in accordance
with an embodiment of the present invention.

Reference will now be made to the exemplary embodi-
ments illustrated, and specific language will be used herein
to describe the same. It will nevertheless be understood that
no limitation of the scope of the invention is thereby
intended.

DETAILED DESCRIPTION

Reference will now be made to the exemplary embodi-
ments illustrated in the drawings, and specific language will
be used herein to describe the same. It will nevertheless be
understood that no limitation of the scope of the invention is
thereby intended. Alterations and further modifications of
the inventive features illustrated herein, and additional
applications of the principles of the inventions as illustrated
herein, which would occur to one skilled in the relevant art
and having possession of this disclosure, are to be consid-
ered within the scope of the invention.

It must be noted that, as used in this specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a radical gen-
erating component” includes one or more of such materials,
reference to “a conjugated moiety” includes reference to one
or more of such groups, and reference to “an exposing step”
includes reference to one or more of such steps.

DEFINITIONS

In describing and claiming the present invention, the
following terminology will be used in accordance with the
definitions set forth below.

As used herein, the term “substantially” or “substantial”
refers to the complete or nearly complete extent or degree of
an action, characteristic, property, state, structure, item, or
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result. For example, an object that is “substantially”
enclosed would mean that the object is either completely
enclosed or nearly completely enclosed. The exact allowable
degree of deviation from absolute completeness may in
some cases depend on the specific context. However, gen-
erally speaking, the nearness of completion will be so as to
have the same overall result as if absolute and total comple-
tion were obtained. The use of “substantially” is equally
applicable when used in a negative connotation to refer to
the complete or near complete lack of action, characteristic,
property, state, structure, item, or result. For example, a
composition that is “substantially free of” particles would
either completely lack particles, or so nearly completely lack
particles that the effect would be the same as if it completely
lacked particles. In other words, a composition that is
“substantially free of” an ingredient or element may still
contain such an item as long as there is no measurable effect
thereof.

As used herein, a plurality of items, structural elements,
compositional elements, and/or materials may be presented
in a common list for convenience. However, these lists
should be construed as though each member of the list is
individually identified as a separate and unique member.
Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list
solely based on their presentation in a common group
without indications to the contrary.

Concentrations, amounts, and other numerical data may
be expressed or presented herein in a range format. It is to
be understood that such a range format is used merely for
convenience and brevity and thus should be interpreted
flexibly to include not only the numerical values explicitly
recited as the limits of the range, but also to include all the
individual numerical values or sub-ranges encompassed
within that range as if each numerical value and sub-range
is explicitly recited. As an illustration, a numerical range of
“about 10 to about 50” should be interpreted to include not
only the explicitly recited values of about 10 to about 50, but
also include individual values and sub-ranges within the
indicated range. Thus, included in this numerical range are
individual values such as 20, 30, and 40 and sub-ranges such
as from 10-30, from 20-40, and from 30-50, etc. This same
principle applies to ranges reciting only one numerical
value. Furthermore, such an interpretation should apply
regardless of the breadth of the range or the characteristics
being described.

Detecting Gamma Radiation Using Conjugated Imida-
Zoles.

A sensor for detecting gamma radiation can generally
include a conjugated imidazole molecule, a radical gener-
ating component, and a radiation detection indicator. The
radical generating component is a material capable of react-
ing with gamma radiation to produce radicals and/or ions.
The conjugated imidazole can be selected from a series of
t-conjugated imidazole based molecules that are capable of
reacting with the radicals or ions to cause a change in a
molecular extinction coefficient of the conjugated imidazole,
causing a visible color change, or to quench the conjugated
imidazole’s fluorescence. The radiation detection indicator
can indicate a change in the molar extinction coefficient or
fluorescence of the conjugated imidazole. Thus, the sensor
can detect gamma radiation by exhibiting a visible color
change or a change in fluorescence of the conjugated imi-
dazole.



US 9,452,989 B2

5

The general structure of the conjugated imidazole is:

R1 i
R
R2 N

where at least one of R1, R2, and R3 are conjugated organic
groups. In some cases each of R1, R2, and R3 are conjugated
organic groups. Non-conjugated groups can be any chemical
moiety which does not interfere with radiation detection as
described herein. Such non-conjugated groups should not
quench radicals (e.g. acids, bases, etc), should not be more
reactive than imidazole, and should not trap or otherwise
stabilize radicals (e.g. TEMPO, TEMPOL, nitronyl nitrox-
ides, azephenylenyls, radicals from PTM and TTM, etc.),
and the like. Non-limiting examples can include H, alkyls,
ethylene glycols, cation-containing groups (e.g. pyridine
cations, amine cations, phosphorous cations, etc.), anion-
containing groups (e.g. carboxylic anions, sulfonic anions,
sulfide anions, phosphate anions, etc.), and the like. Alkyl
groups can be suitable for increasing solubility in hydro-
phobic solvents, while ethylene glycol groups can increase
solubility in hydrophilic solvents.

Suitable conjugated organic groups can include, but are
not limited to, vinyl, 1,3-butadienyl, ethynyl, carbonyl,
1,3-butadnyl, and combinations thereof. In some embodi-
ments, R1, R2, and R3 can be conjugated aromatic groups.
Some examples of suitable groups include five or six-
membered rings, or combinations of multiple rings, with or
without heteroatoms. By way of example, several suitable
aromatic R-groups are shown below:

s —_—~ 7 X Y~ A X\
Q/g \\/X EZIY/> <\XIZIY>

where X, Y, and Z are independently selected from C, N, S,
O, Si, and P. Other suitable aromatic R-groups can include,
but are not limited to, naphthalene, phenanthrene, carbazole,
porphyrin, phthalocyanine, fluorene, and the like.

In some embodiments, R1 and R2 can from a single
aromatic group. For example, R1 and R2 can form a single
aromatic ring fused to the imidazole ring. In other embodi-
ments, R1 and R2 can form a single group comprising
multiple fused aromatic rings. Several examples of suitable
fused aromatic groups are shown below:

[P
i Ar [ \>—R3
e

H

where X and Y are independently selected from C, N, S, O,
Si, and P. Other suitable fused aromatic groups include
naphthalene, phenanthrene, and the like.

In some embodiments, R3 can include a second imidazole
group connected to the first imidazole group by a bridge
group. The bridge group can be a suitable conjugated
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organic group, such as the R-groups listed above. Several
examples of suitable bridge groups are shown below,
referred to as R6:

R1 N N R4
N\l \/[
RZINE_ _<NH| RS
O
XYY, Y

n

where X, Y, and Z are independently chosen from C, N, S,
O, Si, and P, and n is a positive integer. Thus, the bridge
group can be a small molecule, oligomer, or a polymer.
Accordingly, n can often range from 1 to 20, and in some
cases up to about 100 as oligomeric groups, although
polymeric structures where n is up to 1000 or more can also
be suitable. R1, R2, R4, and R5 can be conjugated organic
groups such as the R-groups described above, or they can
form fused aromatic groups as described above. Bridge
groups can also link more than two imidazole groups, for
example, in a star pattern as shown below:

R4
R5
HN A
=N
Rl N
R2 NHO
) NH
N
S R7
R3

where R1, R2, R4, RS, R7, and R8 are conjugated organic
R-groups such as those described above. These R-groups
can also form fused aromatic groups as described above. The
Star group can be a conjugated organic group capable of
linking multiple imidazole groups. Several non-limiting
examples of suitable Star groups are shown below:
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-continued

where X, Y, and Z are independently chosen from C, N, S,
O, Si, and P.

In some embodiments, the conjugated imidazole can be
selected from 4,4'-Bis(1H-phenanthro[9,10-d]imidazol-2-
yDphenyl (BPI-Ph); 4,4'-Bis(1H-phenanthro[9,10-d]imida-
zol-2-yl)biphenyl (BPI-BP); 1,4-bis(4,5-diphenyl-1H-imi-
dazol-2-yl)benzene (BDPI-Ph); 4.4'-bis(4,5-diphenyl-1H-
imidazol-2-yl)biphenyl (BDPI-BP); 2,2'-(9,9-bis(2-
ethylhexyl)-9H-fluorene-2,7-diyl)bis(1H-phenanthro[9,10-
dJimidazole) (BPI-Flu); 2,2'-(9-(2-ethylhexyl)-9H-
carbazole-2,7-diyl)bis(1H-phenanthro[9,10-d]imidazole)
(BPI-Cb); tris(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phe-
nyl)amine (PI-TPA); 2-phenyl-1H-phenanthro[9,10-d]imi-
dazole (PI-Ph); 2,4,5-triphenyl-1H-imidazole (TPI); 4-(1H-
phenanthro[9,10-d]imidazol-2-y1)-N,N-diphenylaniline (PI-
DPA); N,N-dimethyl-4-(1H-phenanthro[9,10-d]imidazol-2-
yDaniline (PI-DMA); and the like. In a particular
embodiment, the conjugated imidazole can have the follow-
ing structure:

R4
RI NI

| />—< >—N
R2 N

RS

where R1 and R2 are conjugated organic groups such as the
R-groups described above, and R4 and RS are either con-
jugated organic groups or hydrogen. In one embodiment, R4
and RS can be additional imidazole groups with attached
R-groups.

The synthesis of the conjugated imidazole can be straight-
forward, taking only one step from commercially available
precursors. For example, the synthesis of BPI-Ph (4,4'-Bis
(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl) and BPI-BP
(4,4'-Bis(1H-phenanthro[9,10-d]imidazol-2-yl)biphenyl) is
one example of synthesis of a conjugated imidazole. Syn-
thesis of other conjugated imidazole molecules can be
performed through similar processes.
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The R-groups of the conjugated imidazole molecules can
be selected to provide various desired properties. For
example, the absorption spectra of the conjugated imida-
zoles can be modified ranging from the ultraviolet to the
visible region and their fluorescence spectra and intensity
can be controlled via different substitutions. R-groups can be
modified to improve solubility in different kinds of solvents,
thus realize varied functions under different conditions. For
example, long alkyl chains improve solubility in aliphatic
solvents, while ethylene glycol chains make the molecules
soluble in water. Additionally, with some R-groups, the
conjugated imidazole molecules can be capable of coupling
through m-w stacking. These conjugated imidazole mol-
ecules can thus be capable of one-dimensional self-assembly
into nanofibrils. Such conjugated imidazoles can be used in
solid-state sensors in the form of nanofibers or nanowires. In
some embodiments, the conjugated imidazole can form a
three-dimensional mass of nanofibers. In other embodi-
ments, the conjugated imidazole can form a two-dimen-
sional thin film. Furthermore, nanofibers made from other
materials can be surface-modified with the conjugated imi-
dazole. For example, chemical reactions can be used to
attach functional groups at the end of the R-groups, which
can react with existing nanofiber support material. Alterna-
tively, donor-acceptor charge transfer complex can be used
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since most imidazole molecules are electron rich molecules,
and can have strong interactions with electron deficient
nanofibers, such as PDI molecules.

Generally, the conjugated imidazole can be selected from
m-conjugated imidazole based molecules that are capable of
reacting with the radicals or ions to cause a change in the
conjugated imidazole’s molecular extinction coefficient,
causing a visible color change, or to quench the fluorescence
of the conjugated imidazole. Many of the conjugated imi-
dazoles described above can fluoresce under ultraviolet light
and display a change in fluorescence or a visible color
change when exposed to radicals or ions formed by gamma
radiation. However, a conjugated imidazole on its own can
require large doses of radiation to form sufficient radicals or
ions to effect a detectable change in its fluorescence or color.
Therefore, a radical generating component can be added to
supply the conjugated imidazole with more radicals and
ions.

The radical generating component can be capable of
reacting with gamma radiation to produce radicals and ions
that can then react with the conjugated imidazole. Typically,
the radical generating components can be provided in copi-
ous excess (e.g. le6 or more in solution and effectively
covering a surface when a nanofiber coating or think film).
In some embodiments, the radical generating component can
include a halogen solvent. Halogen solvents have been
found to be effective at producing radicals and ions when
exposed to gamma radiation. Without being bound to a
particular mechanism, it is believed that gamma radiation
causes the halogen solvent molecule to split into free radi-
cals. Some free radicals recombine to form stable products,
while others attack the conjugated imidazole molecules. It is
believed that radicals attack at the imidazole site, altering the
conjugation of the molecule and thus lowering its molar
extinction coefficient or quenching its fluorescence. Addi-
tionally, with some halogen solvents the free radicals can
recombine to form ions, such as protons. The ions can also
react with the imidazole site to change the conjugated
imidazole molecule’s molar extinction coefficient and
quench fluorescence.

In one specific embodiment the radical generating com-
ponent can be chloroform and the conjugated imidazole can
be BPI-Ph. Again, without being limited to a particular
mechanism, it is believed that gamma radiation splits the
chloroform molecules into free radicals. The chloroform
initially splits into the primary radicals .CHCI, and .Cl.
These can recombine into stable products or into secondary
radicals .CCl; and .H. Any of these radicals can react with

BPI-Ph as shown below:

NH NH radicals
4 \
O ) ) O
N N,
= S
\ /
N N
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The radicals can also recombine to form HCI, which
produces H* and CI ions. It is believed that the H* ions
react with the imidazole site as shown below:

NH NH 4+ Cl-
Y/ N\
NH NH
® ¢ ®
NH NH
c® c®

In many embodiments, the radical and ion mechanisms
can both occur simultaneously. In some situations it may be
preferred to favor one mechanism over the other. For
example, the halogen solvent can produce a large amount of
radicals, and therefore the radical mechanism can allow for
better sensitivity. On the other hand, the ions can be easier
to control and detect, which can allow for better selectivity,
i.e. differentiating between gamma radiation and other types
of radiation. The radical mechanism can be encouraged by
extending the lifetime of the radicals. This can be accom-
plished by keeping the sensor in high vacuum, purging the
sensor with Argon, and/or adding initiators. The initiators
can include molecules that produce radicals, extend the
lifetime of radicals, propagate radicals, and/or kinetically
harvest radicals. Non-limiting examples of initiators include
benzil, benzyl bromide, benzoyl peroxide, azobisisobuty-
ronitrile (AIBN), tert-butyl hydroperoxide, cyclohexanone
peroxide, 1,1'-azobis(cyclohexanecarbonitrile) (ABCN),
acetone peroxide, 4,4'-azobis(4-cyanopentanoic acid), azo-
bisisobutyronitrile, benzoyl peroxide, di-tert-butyl peroxide,
methyl ethyl ketone peroxide, potassium persulfate, tribu-
tyltin hydride, and combinations thereof.

Furthermore, high-Z elements can be added to act as
gamma radiation receivers. High-Z elements can absorb
more radiation than smaller elements. The energy captured
by the high-7Z elements can be transferred to the halogen
solvent to generate more radicals. For example, the radical
generating material can include a molecule modified with a
high Z-element (e.g. organic molecules containing a heavy
element of atomic number 49 or greater, such as triphenyl-
bismuth, diiodobenzene, or mixtures thereof. In embodi-
ments where the ion mechanism is preferred, the radicals
formed by the gamma radiation can be induced into specific
cations and anions. This can be accomplished by adding
alcohol or ether compounds (e.g. producing H* and alcohol™
or H" and ether peroxide™). Non-limiting examples of suit-
able alcohols and ethers can include methanol, ethanol,
propanol, phenol, ethyl ether, tetrahydrofuran, dioxane, and
the like.

In some embodiments the sensor can include a liquid
solution with the conjugated imidazole dissolved in a halo-
gen solvent. Various concentrations of the conjugated imi-
dazole can be used. Concentrations of 1077 to 107* mol/L.
have been found to be effective for some combinations of
conjugated imidazoles and halogen solvents. Concentrations
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0f 107 to 10~ mol/L can particularly be effective with some
combinations. Further, many halogen solvents can be suit-
able for use in a gamma radiation sensor. Examples of
suitable halogen solvents include chloroform, dichlorometh-
ane, ftrichloroethylene, perchloroethylene, bromoform,
diiodomethane, 1,2-dichloroethane, 1,1,1,2-tetrachloroeth-
ane, dibromomethane, and combinations thereof.

In further embodiments the conjugated imidazole and the
halogen solvent can be present in a gel. The gel can
generally be formed from a liquid solution surrounding a
three-dimensional cross-linked network within the liquid. In
some embodiments the three-dimensional network in the gel
can comprise nanofibers of the conjugated imidazole.

In other embodiments, the radical generating component
can include a radical generating polymer. Examples of
suitable radical generating polymers include polymethyl-
methacrylate, polyolefinsulfone, polypropylene, 2-methyl
nylon-3, and mixtures thereof. Radical generating polymers
can be particularly suitable for embodiments wherein the
conjugated imidazole has a nanofiber or thin film morphol-
ogy. Nanofibers comprising the conjugated imidazole can be
coated with a radical generating polymer. Gamma radiation
can strike the radical generating polymer coating to produce
radicals, which then diffuse to the conjugated imidazole
nanofiber. Similarly, in thin film embodiments, a thin layer
of radical generating polymer can be deposited over a thin
layer of the conjugated imidazole. Radicals from the poly-
mer layer can diffuse into the conjugated imidazole layer and
react with the conjugated imidazole.

Generally, in some embodiments the conjugated imida-
zole can be present in a porous hydrophilic material. This
porous hydrophilic material can include the conjugated
imidazole in nanofiber or thin film morphologies as
described above. In a particular embodiment including a
nanofiber morphology, the porous hydrophilic material can
comprise a cellulose fibril material. In other embodiments,
the porous hydrophilic material can comprise nanofibers
surface-modified with the conjugated imidazole. In each of
these embodiments, a radical generating polymer can be
added as the radical generating component.

Generally, the conjugated imidazoles can be directly
bonded to a substrate through coating or other methods. A
surface coating or binding can be performed through elec-
trostatic interaction or hydrogen bonding between the con-
jugate imidazole and the surface of the substrate including
—OH, —COOH or any other moieties available on the
surface. Additionally, direct dispersion of a conjugated imi-
dazole solution into a porous matrix (e.g., filter paper or
silica gel) can be performed to associate the conjugated
imidazoles with a substrate.

Generally, the porous hydrophilic material can be fabri-
cated by depositing large numbers of nanofibers onto a
substrate to form the thin film, where the nanofiber is
surface-modified with the conjugated imidazoles. Non-lim-
iting examples of such materials can be cellulosic paper,
filtration paper, silica gel, polymer film, woven polymer, and
the like. Typical hydrophilic or water soluble polymer
materials can be commercially available from Dow, includ-
ing but not limited to, CELLOSIZE® hydroxyethylcellulose
(HEC), ETHOCEL® ethylcellulose polymers,
KYTAMER® PC polymers, METHOCEL® cellulose
ethers, POLYOX® water soluble resins, and the like. In one
aspect, a porous silica gel can have greater than 1000 m*/g
surface area. In another aspect, these substrates can be
substantially transparent. In one embodiment, transparent
silica-gel films that possess highly porous structure can be
used.
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One non-limiting example of a substrate preparation is a
silica gel made from hydrolysis of tetramethoxysilane in the
presence of cationic surfactants. The pre-matured gel solu-
tion (or emulsion) thus prepared is suited for spin-coating
onto a flat substrate such as glass that is desirable for optical
sensing. Briefly, tetramethoxysilane can be hydrolyzed in an
acidic aqueous solution (tetramethoxysilane:water con-
trolled at 1:10) for about one hour. Due to the substoichio-
metric amount of water, only partial hydrolysis will be
obtained, leading to formation of a homogeneous solution.
To this solution can be added alkyltrimethylammonium
chloride, a surfactant used as template for forming the
porous structure. After reacting under ambient condition for
certain amount of time, the solution thus obtained can be
spin-coated onto a glass slide, followed by drying in air to
allow evaporation of solvent and condensation of the silica.
Transparent thin film will eventually be formed on the
substrate. Depending on the spin speed, films of different
thicknesses, ranging from a few microns down to submi-
cron, can be obtained.

The radical generating polymer can further include ini-
tiators and/or high-Z elements as described above, to alter or
control the mechanism of reaction. For example, the radical
generating polymer can be mixed with any of the initiators
described above, or a molecule modified with a high Z-el-
ement, such as triphenylbismuth, diiodobenzene, or mix-
tures thereof. The radical generating polymer can also be
mixed with ion inducers such as alcohols or ethers as
described above. In some thin film embodiments, a molecule
modified with a high-Z element, such as triphenylbismuth,
can be used alone as the radical generating component
without any radical generating polymer.

The conjugated imidazoles of the sensor can be used to
detect gamma radiation by exhibiting a decrease, or quench-
ing, of their fluorescence when they react with radicals
and/or ions formed by gamma radiation. Depending on the
sensitivity of the sensor incorporating the conjugated imi-
dazole and the dose of gamma radiation, the fluorescence
quenching can be a substantially complete quenching or a
partial quenching. For example, a sample of conjugated
imidazole that is fluorescing under ultraviolet light can go
completely dark if it is completely quenched, or the sample
can be slightly dimmed if it is only partially quenched. By
correlating levels of quenching with radiation doses, it is
possible for a sensor incorporating the conjugated imidazole
to detect and quantify radiation doses over a wide range.

A sensor incorporating conjugated imidazoles and radical
generating components as described above can have a very
high sensitivity to gamma radiation. In many embodiments,
the lower detection limit using this method can be between
about 107° Gy and about 10 Gy. More particularly, in many
cases the lower detection limit can be between about 0.001
Gy and about 1 Gy. The lower detection limit is the lowest
level of radiation that will produce an observable and
statistically significant change in the molar extinction coef-
ficient or fluorescence of the conjugated imidazole. Various
modifications to the sensor can increase its sensitivity. As
explained above, the radical reaction mechanism can be
encouraged by adding initiators and high-Z elements,
thereby increasing sensitivity.

A significant increase in sensitivity can also be achieved
by forming the conjugated imidazole in a nanofiber mor-
phology. This increased sensitivity is due to interfacial
charge transfer between conjugated imidazole molecules.
When light is absorbed by the nanofiber, it creates an
electron-hole pair, or an exiton. The exiton can freely diffuse
throughout the nanofiber structure. Ordinarily, the electron-
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hole pair would eventually recombine, emitting light, or
fluorescence. However, when the exiton meets a molecule of
conjugated imidazole that has already reacted with a radical
or ion, the electron transfers to that molecule instead of
recombining to produce fluorescence. The long-range, one-
dimensional molecular arrangement of the nanofibers allows
the excitons to diffuse quickly to the quenching sites. This
enables amplified fluorescence quenching by trace amounts
of the reacted conjugated imidazole. Thus a sensor with the
conjugated imidazole in a nanofiber morphology can gen-
erally have a higher sensitivity than with conjugated imida-
zole dissolved in a halogen solvent, because molecular
diffusion in the solution occurs more slowly than diffusion
in the nanofiber. Amplification of fluorescence quenching
can also occur in a gel, if the three-dimensional matrix
within the gel includes nanofibers that allow diffusion of
exitons. Similarly, amplification of fluorescence quenching
can occur in a thin film, although it would dominantly allow
for diffusion in two dimensions instead of three.

With the above in mind, FIG. 1A shows a sensor 100
according to one embodiment. The sensor 100 includes a
housing 102 enclosing liquid solution 120 of a conjugated
imidazole and a radical generating component. As explained
above, in some embodiments the conjugated imidazole can
be dissolved in a halogen solvent, making a liquid solution.
Also, the liquid solution 120 can contain additional optional
materials such as initiators, molecules modified with high-Z
elements, or ion inducers such as alcohols or ethers. A
similar structure to the one shown in FIG. 1A can be used
with a gel in place of the liquid solution 120 of conjugated
imidazole and halogen solvent.

An optional light source 104 can be operatively associated
with the liquid solution 120 containing the conjugated
imidazole. As shown in FIG. 1A, the light source 104 can be
located near the conjugated imidazole so as to shine light on
the conjugated imidazole. Depending on the embodiment,
the light source 104 can be an ultraviolet light source that
excites the conjugated imidazole to fluorescence, or a visible
light source that provides light sufficient to allow visual
inspect of color of the conjugated imidazole.

A radiation detection indicator 106 can also be operatively
associated with the conjugated imidazole. As shown in FIG.
1A, the radiation detection indicator 106 can be located near
the conjugated imidazole so that a change in fluorescence or
color of the conjugated imidazole is observable at the
radiation detection indicator. In embodiments involving a
change in fluorescence, the radiation detection indicator can
be a fluorimeter configured to detect changes in the intensity
of light emitted by fluorescence of the conjugated imidazole.
In embodiments involving a decrease in the molar extinction
coeflicient of the conjugated imidazole, the radiation detec-
tion indicator can be a colorimeter configured to detect
changes in color. The colorimeter can be any suitable
colorimeter. Non-limiting examples of suitable colorimeters
can include a commercial photon detector or portable colo-
rimeter, such as those commercially available from Kitti-
wake and Preiser Scientific. Also, in other embodiments the
radiation detection indicator can be a simple window to
allow a human user to visually observe a change in fluo-
rescence or color of the conjugated imidazole. Thus, the
indicator can provide a simple ‘yes’ or ‘no’ signal that a
given radiation threshold is met.

The sensor 100 can also include an electronic readout 108.
The electronic readout 108 can be electronically connected
to the radiation detection indicator 106 and configured to
receive information from the radiation detection indicator
106 and communicate that information to a user. In some
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embodiments, the electronic readout can include a digital or
analog display configured to show quantitative levels of
detected radiation. In other embodiments the electronic
readout 108 can be a visual or auditory signal such as a light
or sound that is activated when a threshold level of radiation
is detected. In yet other embodiments, the electronic readout
108 can be an interface that allows the sensor to connect to
another external device for analyzing and displaying infor-
mation about the level of detected radiation. External
devices can include, but are not limited to, handheld com-
puting devices, laptop computers, desktop computers, and
the like.

The housing 102 can be in any convenient configuration.
One will appreciate that gamma radiation can easily pen-
etrate many types of material, so the sensor can include a
closed housing 102 without affecting sensitivity to gamma
radiation. In many embodiments the housing is a case made
from plastic or metal. The housing does not need to be fully
enclosed, although an enclosed housing can be useful to
protect the elements inside from damage or dust. Further-
more, in some embodiments an enclosed housing can be
used to keep the conjugated imidazole under vacuum or an
inert atmosphere such as argon. Alternatively, gamma radia-
tion levels can be a function of particulate containing gas
flows such that a gas flow path can be directed across the
corresponding detection material. Accordingly, a gas tflow
inlet and gas flow outlet can optionally be provided in the
housing.

Another embodiment, shown in FIG. 1B, includes a thin
film comprising a layer of conjugated imidazole 122 and a
layer of radical generating polymer 112 deposited on a
substrate 110. As explained above, the radical generating
polymer 112 can also include initiators, high-Z elements,
and ion inducers if desired. Gamma radiation can strike the
layer of radical generating polymer 112 to produce radicals
and ions, which then diffuse into the layer of conjugated
imidazole 122. Typically, such think films can have a
thickness from about 100 nm to about 100 mm, although
other thicknesses can be suitable.

A further embodiment is shown in FIG. 1C, in which a
mass of nanofibers 124 is deposited on a substrate 110. The
nanofibers 124 can include the conjugated imidazole and a
radical generating polymer. As explained above, gamma
radiation can strike a coating layer of radical generating
polymer, producing radicals which diffuse to the conjugated
imidazole in the nanofibers. This embodiment can provide
amplification of fluorescence quenching because diffusion
through the nanofibers is faster than in a liquid solution.

As shown in FIG. 2, a method 200 is also disclosed for
detecting gamma radiation. As shown in step 210, a conju-
gated imidazole and a radical generating component of the
types described above are placed into an area suspected of
having gamma radiation. In step 220, changes are observed
in either the molar extinction coefficient (through a visible
color change) or the fluorescence of the conjugated imida-
zole. In some embodiments, the change can be observed
directly by visual inspection. In other embodiments, the
change is observed through an electronic detector such as a
colorimeter or fluorimeter.

This method can be used to detect gamma radiation at low
levels such that low detection limits can be reached. In many
embodiments, the lower detection limit using this method
can be at least between about 0.01 Gy and about 10 Gy,
although lower limits may be reached by careful selection of
materials and sensor configuration. More particularly, in
many cases the lower detection limit can be between about
0.1 Gy and about 1 Gy. The lower detection limit is the
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lowest level of radiation that will produce an observable and
statistically significant change in the molar extinction coef-
ficient or fluorescence of the conjugated imidazole.

Although such methods can be desirable for use in
security screening and threat detection, this method can also
be effectively used in medical applications where a three-
dimensional profile of radiation dosage is required. For
example, a three-dimensional material incorporating the
conjugated imidazoles disclosed herein can provide readings
of radiation dosages received throughout a three-dimen-
sional space at a very high level of sensitivity. This can be
useful for routine calibration of medical instruments for
radiation therapy applications. Medical treatment by photon
radiation for tumors can require periodic precise verification
and adjustment of radiation dose output, and the tolerance of
radiation dose output can be as low as 2%. The disclosed
method can be used to create a three-dimensional map of
radiation dosage with a resolution in the sub-millimeter
range and to calibrate radiation dosage equipment. In addi-
tion, there are other situations in which it would be useful to
verify radiation dosage such as in vivo patient dose moni-
toring and small field dosimetry for stereotactic radiosurgery
(SRS).

In addition, the observed response to gamma radiation is
specific, proving high selectivity over other types of radia-
tion, e.g., o. (*,He) and B (e) particles. The ease of modifi-
cation of the side chain and m-conjugated structure of the
present compounds can provide facile solubility adjustment
and enhanced gamma-ray photosensitivity, making it fea-
sible to develop chemical based sensors with detection limits
suited for practical application in medical and clinical moni-
toring of gamma radiation, as well as nuclear security
screening. Additionally, this series of molecules can also be
fabricated into nanofibril materials that can be transformed
into three-dimensional porous sensor materials through sur-
face deposition and interface engineering. The fabrication
methods can be developed based on both “top-down” pat-
terning and “bottom-up” self-assembly methods. These
three-dimensional materials can be useful in medical appli-
cations as described above.

Examples

A solution of BPI-BP in chloroform was prepared with a
concentration of 5x107° mol/L. The solution was exposed to
levels of gamma radiation ranging from 0.1 Gy to 5 Gy. FIG.
3 shows the fluorescent spectrum of the solution at each
level of gamma radiation. The original spectrum without any
gamma radiation is the uppermost peak on the graph, with
peaks around 430 and 460 nm in Wavelength (x-axis)
corresponding to about 560 in Emission Intensity (y-axis).
The next spectrum below, peaking around 540 in Emission
Intensity (y-axis) is the spectrum after 0.1 Gy radiation. The
other spectra peak lower and lower on the Emission Inten-
sity scale until by the time 5 Gy was reached, the total
Emission Intensity is almost zero. This experiment shows a
measurable change in fluorescence of BPI-BP in chloroform
at 0.1 Gy.

FIG. 4 shows a comparison of quench efficiency (y-axis)
for BPI-BP in various solvents. Each solution had a con-
centration of 5x10° mol/L. Each solution was exposed to 4.0
Gy of gamma radiation, and then the quench efficiency was
measured. The solvents tested were, from left to right on the
bar graph: chloroform, dichloromethane, DMSO, THF, tolu-
ene, and DMF. As shown on the graph, chloroform and
dichloromethane provided a much higher quench efficiency
than any of the other solvents. This experiment demonstrates
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that solutions of BPI-BP in halogen solvents can be effective
at detecting gamma radiation by quenching fluorescence of
the BPI-BP.

FIG. 5 shows emission spectra of a solution of BPI-BP in
dichloromethane with benzil added. The concentration of
BPI-BP was 5x1075 mol/L. The solution was exposed to
levels of gamma radiation ranging from 0 Gy to 0.50 Gy.
The original spectrum without any gamma radiation expo-
sure is the uppermost peak on the graph, peaking around 900
in Emission Intensity (y-axis) and 450 nm Wavelength
(x-axis). The second peak down is the spectrum after expo-
sure to 0.01 Gy, peaking around 350 in Emission Intensity.
This experiment shows that the addition of benzil, an
initiator, dramatically increased the sensitivity of the BPI-
BP dichloromethane solution, so that gamma radiation at
levels of 0.01 Gy were readily detectable.

It is to be understood that the above-referenced arrange-
ments are only illustrative of the application for the prin-
ciples of the present invention. Numerous modifications and
alternative arrangements can be devised without departing
from the spirit and scope of the present invention. While the
present invention has been shown in the drawings and fully
described above with particularity and detail in connection
with what is presently deemed to be the most practical and
preferred embodiment(s) of the invention, it will be apparent
to those of ordinary skill in the art that numerous modifi-
cations can be made without departing from the principles
and concepts of the invention as set forth herein.

What is claimed is:

1. A sensor for detecting gamma radiation, the sensor
comprising:

a conjugated imidazole having the following structure:

where at least one of R1, R2, and R3 are conjugated
organic groups and wherein the conjugated imidazole
has a nanofiber morphology, is present in a porous
hydrophilic material, or has both the nanofiber mor-
phology and is present in the porous hydrophilic mate-
rial;

a radical generating component, wherein the conjugated
imidazole is capable of reacting with a radical or ion
formed by a reaction of the gamma radiation with the
radical generating component to decrease a molar
extinction coefficient of the conjugated imidazole or to
quench fluorescence of the conjugated imidazole; and

a radiation detection indicator operatively associated with
the conjugated imidazole configured to indicate a
decrease in the molar extinction coefficient of the
conjugated imidazole or a quenching of fluorescence of
the conjugated imidazole.

2. The sensor of claim 1, wherein each of R1, R2, and R3

are conjugated organic groups.

3. The sensor of claim 2, wherein R1, R2, and R3 are

independently selected from the group consisting of vinyl,
1,3-butadienyl, ethynyl, carbonyl,

Y=\ /Z X
o QD

~
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-continued

X 1\> e

and where X, Y, and Z are independently selected from C,
N, S, O, Si, and P; naphthalene, phenanthrene, and combi-
nations thereof.

4. The sensor of claim 1, wherein R3 comprises a sub-
stituted imidazole group and a bridge group, such that the
conjugated imidazole has the following structure:

R1 N N R4
[ I
RZINE_ _<NH R5

where R4, RS, and R6 are conjugated organic groups.
5. The sensor of claim 4, wherein R4, R5, and R6 are
independently selected from the group consisting of vinyl,

1,3-butadienyl, ethynyl, carbonyl,
2Ny
< )
\>—R3

<\I I\> f'}_

and where X, Y, and Z are independently selected from C,
N, S, O, Si, and P; naphthalene, phenanthrene, and combi-
nations thereof.

6. The sensor of claim 1, wherein R3 comprises triph-
enylamine such that the conjugated imidazole has the fol-
lowing structure:

where Ar =

where Ar =

R4
RI NH

| />—< >—N
R2 N

RS

where R4 and RS are conjugated organic groups or hydro-
gen.
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7. The sensor of claim 1, wherein the conjugated imida-
zole is selected from the group consisting of 4,4'-Bis(1H-
phenanthro[9,10-d]imidazol-2-yl)phenyl (“BPI-Ph”); 4.4'-
Bis(1H-phenanthro[9,10-d]imidazol-2-yl)biphenyl (“BPI-
BP”); 1,4-bis(4,5-diphenyl-1H-imidazol-2-yl)benzene
(BDPI-Ph); 4,4'-bis(4,5-diphenyl-1H-imidazol-2-yl)biphe-
nyl (BDPI-BP); 2,2'-(9,9-bis(2-ethylhexyl)-9H-fluorene-2,
7-diyl)bis(1H-phenanthro[9,10-d]imidazole) (BPI-Flw);
2,2'-(9-(2-ethylhexyl)-9H-carbazole-2,7-diyl)bis(1H-
phenanthro[9,10-d]imidazole) (BPI-Cb); tris(4-(1H-phenan-
thro[9,10-d]imidazol-2-yl)phenyl)amine (PI-TPA); 2-phe-
nyl-1H-phenanthro[9,10-d]imidazole (PI-Ph); 2.4,5-
triphenyl-1H-imidazole (TPI); 4-(1H-phenanthro[9,10-d]
imidazol-2-y1)-N,N-diphenylaniline (PI-DPA);  N,N-
dimethyl-4-(1H-phenanthro[9,10-d]imidazol-2-yl)aniline
(PI-DMA); and combinations thereof.

8. The sensor of claim 1, wherein the radical generating
component comprises a halogen solvent.

9. The sensor of claim 8, wherein the conjugated imida-
zole is solvated in the halogen solvent.

10. The sensor of claim 1, wherein the radical generating
component comprises a radical generating polymer.

11. The sensor of claim 10, wherein the radical generating
polymer is selected from the group consisting of polym-
ethyl-methacrylate,  polyolefinsulfone, polypropylene,
2-methyl nylon-3, and mixtures thereof.

12. The sensor of claim 1, wherein the conjugated imi-
dazole is present as the porous hydrophilic material and the
porous hydrophilic material is at least one of a thin film, a
cellulose fibril material, and a nanofiber surface-modified
with the conjugated imidazole.

13. The sensor of claim 1, wherein the radical generating
component comprises an organic molecule modified with a
high-Z element.

14. The sensor of claim 13, wherein the organic molecule
modified with a high Z-element is selected from the group
consisting of triphenylbismuth, diiodobenzene, and mixtures
thereof.

15. The sensor of claim 1, further comprising a radical
initiator.

16. The sensor of claim 15, wherein the radical initiator is
selected from the group consisting of benzil, benzyl bro-
mide, benzoyl peroxide, azobisisobutyronitrile, tert-butyl
hydroperoxide, cyclohexanone peroxide, 1,1'-azobis(cyclo-
hexanecarbonitrile), acetone peroxide, 4,4'-azobis(4-cyano-
pentanoic acid), azobisisobutyronitrile, benzoyl peroxide,
di-tert-butyl peroxide, methyl ethyl ketone peroxide, potas-
sium persulfate, tributyltin hydride, and mixtures thereof.

17. The sensor of claim 1, wherein the sensor has a lower
detection limit between about 0.01 Gy and about 1 Gy.

18. The sensor of claim 1, wherein the radiation detection
indicator comprises a colorimetric detector operatively asso-
ciated with the conjugated imidazole configured to measure
a color change of the conjugated imidazole.

19. The sensor of claim 1, further comprising an ultra-
violet light source operatively associated with the conju-
gated imidazole configured to excite the conjugated imida-
zole to fluorescence.

20. The sensor of claim 19, wherein the radiation detec-
tion indicator comprises a fluorimeter operatively associated
with the conjugated imidazole configured to measure a
fluorescence change of the conjugated imidazole.

21. A method for detecting gamma radiation, comprising

placing the conjugated imidazole and the radical gener-

ating component of claim 1 in an area having gamma
radiation; and
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identifying a color change associated with the decrease
of the molar extinction coefficient or with the quench
of the fluorescence.
22. The method of claim 21, wherein identifying the color
change is by visual inspection.
23. The method of claim 21, wherein identifying the color
change is by an electronic device.
24. The method of claim 21, wherein the method has a
lower detection limit between about 0.01 Gy and about 1 Gy.
25. The method of claim 21, wherein the conjugated
imidazole is provided in a three-dimensional material and
the color change forms a three-dimensional map of gamma
radiation dosage.
26. A sensor for detecting gamma radiation, the sensor
comprising:
a conjugated imidazole having the following structure:

R1 g
T
R2 N

where at least one of R1, R2, and R3 are conjugated
organic groups such that:

a) R1, R2, and R3 are independently selected from the
group consisting of vinyl, 1,3-butadienyl, ethynyl,
carbonyl,

SRIg®
<\I > f't‘_, \%Rs

where Ar= X & == |
| ]
Y\ e
||

and where X, Y, and Z are independently selected from C,
N, S, O, Si, and P; naphthalene, phenanthrene, and
combinations thereof;

b) R3 comprises a substituted imidazole group and a
bridge group, such that the conjugated imidazole has
the following structure:

R1 N N R4
[ = I
RZINE_ _<NH RS

where R4, RS, and R6 are conjugated organic groups;

¢) R3 comprises triphenylamine such that the conju-
gated imidazole has the following structure:
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where R4 and RS are conjugated organic groups or
hydrogen; or
d) the conjugated imidazole is selected from the group
consisting of 4,4'-Bis(1H-phenanthro[9,10-d]imida-
701-2-yl)phenyl (“BPI-Ph”); 4,4'-Bis(1H-phenanthro
[9,10-d]imidazol-2-yl)biphenyl (“BPI-BP”); 1.4-bis
20 (4,5-diphenyl-1H-imidazol-2-yl)benzene ~ (BDPI-
Ph); 4.4'-bis(4,5-diphenyl-1H-imidazol-2-yl)
biphenyl (BDPI-BP); 2,2'-(9,9-bis(2-ethylhexyl)-
9H-fluorene-2,7-diyl)bis(1 H-phenanthro[9,10-d]
imidazole) (BPI-Flu); 2,2'-(9-(2-ethylhexyl)-9H-
25 carbazole-2,7-diyl)bis(1H-phenanthro[9,10-d]
imidazole) (BPI-Cb); tris(4-(1H-phenanthro[9,10-d]
imidazol-2-yl)phenyl)amine (PI-TPA); 2-phenyl-
1H-phenanthro[9,10-d]imidazole (PI-Ph); 2.4,5-
triphenyl-1H-imidazole (TPI); 4-(1H-phenanthrol[9,
30 10-d]imidazol-2-y1)-N,N-diphenylaniline (PI-DPA);
N,N-dimethyl-4-(1H-phenanthro[9,10-d]imidazol-
2-yDaniline (PI-DMA); and combinations thereof;
and
a radical generating component, wherein the conjugated
imidazole is capable of reacting with a radical or ion
formed by a reaction of the gamma radiation with the
radical generating component to decrease a molar
extinction coefficient of the conjugated imidazole or to
quench fluorescence of the conjugated imidazole; and
a radiation detection indicator operatively associated with
40 the conjugated imidazole configured to indicate a
decrease in the molar extinction coefficient of the
conjugated imidazole or a quenching of fluorescence of
the conjugated imidazole.
27. The sensor of claim 26, wherein R4, R5, and R6 are
45 independently selected from the group consisting of vinyl,
1,3-butadienyl, ethynyl, carbonyl,

. o [I/>
] <\II\> \>—R3

where Ar= X Z <j Tl
| | X X
Y\ =
60 X
Il
Y.

and where X, Y, and Z are independently selected from C,
s NS, 0, Si, and P; naphthalene, phenanthrene, and combl-
nations thereof.
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